INTRODUCTION

22
Maintenance of infrastructure is crucial for a safe and well-functioning railway system. The
23
process of deciding what, when, and how infrastructure maintenance should best be performed is cost is minimized. A drawback of the models in this category is that the number of maintenance 114 tasks, crews, and the available time slots in the allocation problem are fixed. Thus, these models 115 are difficult to be extended to a long-term planning problem where a maintenance task can be 116 performed at any time in the planning horizon.
117
In the last category, the aim of railway maintenance scheduling is to find the time periods to In this paper, we study the last category of railway maintenance scheduling problem and address 134 a situation where the possession time is limited. To our best knowledge, no paper in this category 135 considers the limitation of possession time and its effects on the maintenance scheduling problem.
136
By investigating the limitation of possession time, this paper can provide a solution for infrastructure 137 managers of busy railway networks, where there is an increasing demand of using the track for train-
138
path operation and where a shrinking time window is available for infrastructure maintenance. In same time period, it is often seen that a component is maintained or renewed in a period that is 145 earlier than its recommended time. In this case, the service-life of the component is shortened 146 compared to the service-life when its recommended maintenance interval is used. Thus, we also 147 consider a service-life shortening cost due to early maintenance of components.
148
The maintenance scheduling problem is considered in a finite planning horizon using a rolling-149 horizon approach (Wildeman et al. 1997 ). In the rolling-horizon approach, the decision is made 150 at the horizon starting time. At the end of the current horizon, the same planning horizon can be 151 repeated, or if there is an information update, the scheduling model generates a new horizon using 152 updated input, and so on. This approach is practical when a fixed-term planning is required and 153 the information may be updated, or when the necessity of another planning term needs to be taken 154 into consideration.
155
PROBLEM FORMULATIONS
156
In this section, we first provide a general problem statement of the railway maintenance schedul- 
186 187
188
It is seen that the maintenance schedule for the track system with N components can be realized 
197 Similarly, denote t m i,t and t r i,t as the maintenance and renewal times of component i in period t. It
198
is assumed that the maintenance and renewal activities are performed sequentially in a possession.
199
Then, the possession time for maintenance of all components in period t is calculated as in (Eq. 5. the maintenance area. We define the following binary variable.
206
We have:
208
In a period, if the track is needed for maintenance, i.e. at least one maintenance or renewal 209 activity is performed, a fixed possession cost, c 0 P , is incurred (in this notation, P stands for posses-210 sion). c 0 P represents the cost of having a track section for maintenance, which is thus not available of customers in period t and the cost per customer per unit time be (N C t ) and (c e P ) respectively.
217
The cost per customer per unit time is independent from component maintenance cost and it is a 218 new concept in this paper. This cost takes into account the effect of the train service disruption on 219 customers, i.e. they have to re-route and need extra hours to travel; it may also include "indirect" 220 costs such as the reputation lost, decreased customer satisfaction, and losses of future customers 221 due to disruptions. The total fixed possession cost -C f P and social-economic cost -C e P in the entire 222 planning horizon are calculated as in Eqs. (8) and (9) respectively. data sharing between railway infrastructure manager, traffic planning, and railway train operators.
230
On the other hand, the cost per customer per unit time greatly depends on how the railway companies 231 value their customers and the infrastructure manager has to discuss this with railway train services 232 in order to quantify this value. is presented in Eq. (10).
Eq. (10) to value the last PM interval and to schedule the last PM and renewal activity as late as possible.
264
Total cost in the planning horizon 265 In summary, the total cost in the whole planning horizon, i.e. the objective function to be 266 minimized, is presented as in Eq. (11).
Sets of constraints in the railway maintenance scheduling problem 269 The following constraints are considered in this paper.
270
• Latest possible time to do preventive maintenance activities: This set of constraints ensures 271 that the PM activities are performed within the specified PM interval. (12) and (13) respectively.
286
The available possession time constraint is critical for a busy railway system where maintenance 
291
The mathematical formulations of each constraint is presented in the following section.
292
The railway maintenance scheduling optimization model 293 The railway maintenance scheduling problem under a limitation of available possession time is 294 formulated as a IP model. Details are as follows: 
312
The objective of the railway maintenance scheduling problem is to minimize the total cost, C, that 313 is incurred in the planning horizon. Each element in the objective function has been previously 314 described in this section.
315
Constraints (15) and (16) Table 2 . Other input data on the fixed possession cost, the social-economic 335 cost, and the available possession time are provided in Table 3 . In Table 2 , the number of periods elapsed from the last PM/renewal activities is the duration Generally, the service-life shortening cost per unit of time (the sixth column in Table 2 -c s i ), 
336
347
The nominator of the right hand side in Equation ( 23) 
351
RESULTS AND DISCUSSIONS
352
The results of maintenance scheduling models with and without the limitation on available 
357
In this paper, the binary linear IP model is solved using IBM CPLEX optimizer. The reason of 358 using CPLEX is that it is able to find a true optimal solution for the linear IP model in this paper.
359
CPLEX is a commercial software, but available for researchers to use, and it has been successfully i.e. more than T 0 = 24 hours to perform these activities in the same time period. Also, each 386 renewal of the two components 1 and 4 can only be combined with one more maintenance activity.
387
There are, in total, six possessions with either two maintenance activities or a maintenance and a 388 renewal activity to be clustered in Schedule B.
389
The clustering of maintenance activities in a schedule can be measured by two factors: the 390 average number of activities in a possession and the total number of possessions in the schedule.
391
The clustering of activities is high when the former factor is big and the later one is small. These 
463
In this paper, due to the sensitivity of cost data, the cost data in our example are presented in 
